RNA polymerase III (RNAPIII) synthesizes diverse, small, non-coding RNAs with many important roles in the cellular metabolism. One of the open questions of RNAPIII transcription is whether and how additional factors are involved. Recently, Nab2 was identified as the first messenger ribonucleoprotein particle (mRNP) biogenesis factor with a function in RNAPIII transcription.
RNAPIII transcription and basic transcription factors
RNAPIII synthesizes a rather small set of highly expressed, infrastructural RNAs, such as tRNAs, 5S rRNA, the RNA of the signal recognition particle (SCR1), and other small non-coding RNAs. 1 The majority of these RNAPIII transcripts serves as essential components in many cellular processes such as mRNA splicing, tRNA maturation, and translation.
1,2 RNAPIII is the largest DNA-dependent RNA polymerase and comprises 17 sub-units, all of which are essential in S. cerevisiae. 3 Four of the RNAPIII sub-units (Rpc34, Rpc37, Rpc53, and Rpc82) are homologous to general RNA polymerase II (RNAPII) transcription factors that are stably associated with the core polymerase, e.g. Rpc34 and Rpc82 show homologies to TFIIE a and b. 4, 5 The basic mechanism of RNAPIII transcription is well characterized and depends on the three transcription factors TFIIIA (for 5S rRNA transcription only), TFIIIB, and TFIIIC. 2, 6 TFIIIC binds to the A and B box promoter element in the initial step of RNAPIII transcription and recruits TFIIIB. 7, 8 At TATA-box containing genes, TFIIIB can bind the DNA independently of TFIIIC. 3, 9 TFIIIB function is key to transcription initiation as it recruits RNAPIII to the promoter. TFIIIB is also responsible for opening the double-stranded DNA and thus for establishing a closed pre-initiation complex and the transcription bubble. 10, 11 As with other polymerases short, abortive transcripts are initially produced. 12 Once a stable elongation complex is formed, productive transcription proceeds through the gene body until a simple T-rich repeat on the non-template strand is reached. This oligo(dT) stretch has been identified as the universal terminator for RNAPIII at every gene, irrespective of the promoter, other cis-elements, or trans-acting factors. 13, 14 Due to the high need of RNA-PIII transcripts, efficient transcription mechanisms had to be evolved. According to a concept known as "facilitated recycling" the transcribing polymerase is committed (tethered) pre-dominantly to reinitiate at the same gene, circumventing the slow steps of initiation. Hence, a new transcription cycle is completed up to 10-fold faster than the initial round of transcription. 15 
Additional RNAPIII transcription factors
In vitro transcription assays reconstituted with RNA-PIII, TFIIIB, and TFIIIC possess a much lower transcriptional activity than transcription active cell fractions. 6 This suggested the existence of additional factors that stimulate RNAPIII transcription. Indeed, during the last decade genome-wide studies in a variety of species led to the discovery of several proteins with a function in RNAPIII transcription. To mention but a few, Maf1, Dst1 (TFIIS), Sub1, Myc, Rb, and p53 have been identified to modulate RNAPIII activity (for a review of these proteins see refs. 11, [16] [17] [18] ). Furthermore, chromatin modifying enzymes and remodeling complexes have been proposed to influence RNAPIII transcription. 19 Remodeling enzymes might adapt and maintain the local chromatin in an open state (euchromatin) and thus keep RNAPIII genes free of nucleosomes. 20 Unfortunately, the molecular function of these proteins in RNAPIII transcription often remained elusive.
11 Therefore, the continuous identification of novel factors involved in RNAPIII transcription and the functional characterization of known and novel ones will pave the way toward a true understanding of the RNAPIII transcription mechanisms and its regulation.
Nab2 and its functions in nuclear mRNP biogenesis
The nuclear polyadenylated RNA-binding protein Nab2 is a member of the poly(A)-binding protein (PABP) family in S. cerevisiae and was originally discovered-as its name implies-in a screen for proteins that bind to nuclear polyadenylated RNAs. 21 Since then, Nab2 emerged as a key component in the tightly intertwined system of poly(A) tail length control, mRNP formation, and export of mature mRNPs. 22 In contrast to Nab2s role in these later steps of mRNP biogenesis, its function in RNAPII transcription is less clear. NAB2 mutant cells show reduced transcription of the heterologous lacZ gene, which is badly transcribed and processed in yeast. However, the NAB2 allele used, nab2-1(-GFP), causes very slow growth, and transcription of the endogenous yeast gene PHO5 is not affected. 23 Thus, the effects observed for the lacZ gene might be nonspecific. This is in line with the observation that neither RNAPII processivity nor nascent HSP104 mRNA levels are affected by nuclear depletion of Nab2 using the anchor-away technique. 24 Thus, Nab2 probably does not play a role in RNAPII transcription, but rather in mRNA stability. 24 Orthologues of Nab2 have been identified in many organisms, e.g., human, mouse, and fly. Human ZC3H14 can functionally substitute dNab2 in fly neuronal tissue. 25 Furthermore, Nab2 is required for correct poly(A) tail length in D. melanogaster and probably H. sapiens. 25, 26 Thus, Nab2's functions are probably conserved as well.
Nab2 functions in RNAPIII transcription initiation
In a recent study, we unraveled a function of Nab2 in RNAPIII transcription in the model organism S. cerevisiae (Fig. 1) . 27 Serendipitously, we observed in a genome-wide approach that Nab. is present at all RNAPIII-transcribed genes. Nab2's occupancy is independent of RNAPII occupancy, but dependent on active RNAPIII transcription. Using a novel temperature-sensitive mutant, nab2-34, we showed that Nab2 is required for the occupancy of RNAPIII at its target genes. Importantly, impairment of Nab2 function causes an RNAPIII transcription defect in vivo and in vitro that can be rescued by the addition of recombinant Nab2 to the in vitro assay. Interestingly, Nab2 interacts directly with RNAPIII and RNAPIII transcript precursors. Finally, Nab2 interacts with TFIIIB in vivo and increases the occupancy of TFIIIB at the promoter-independently of TFIIIC. Thus, Nab2 functions in RNAPIII transcription initiation by enhancing the stability of TFIIIB at RNAPIII genes and is thus most likely required for efficient assembly and stability of the RNAPIII transcription initiation complex in S. cerevisiae.
As Nab2 functions in nuclear mRNA biogenesis (poly(A)-tail length control, mRNP formation, and nuclear mRNP export) 22, 28 as well as RNAPIII transcription 27 the question arises whether the effects observed for one process might be indirect, i.e. caused by a defect in another process. However, since the evidence for the function of Nab2 in all of these processes is quite direct, we believe that Nab2 functions directly in nuclear mRNP biogenesis as well as RNAPIII transcription.
Potential additional functions of Nab2 in RNAPIII metabolism
We analyzed the function of Nab2 in RNAPIII transcription initiation and TFIIIB occupancy in more detail. However, based on our data, one can envision that Nab2 also functions in a variety of additional steps in RNAPIII transcription and transcript biogenesis.
Boosting of the RNAPIII transcription cycle by Nab2
As Nab2 not only interacts with and stabilizes TFIIIB at the promoter but also interacts directly with RNA-PIII, it could enhance the recruitment of RNAPIII to the promoter (Fig. 1) . This would increase the probability of the gene to be transcribed. Nab2 could also be needed for transcription elongation as it is present along the whole coding sequence of SCR1, the longest RNAPIII-transcribed gene in S. cerevisiae (Fig. 1) . 27 Here, Nab2 might increase transcription fidelity or processivity of the transcribing polymerase. Specifically, similar to the function of mRNA-binding proteins in RNAPII transcription, Nab2 could prevent the formation of DNA-RNA hybrids, so-called R-loops, and thus maintain genome stability. 29 Alternatively, but not mutually exclusively, Nab2 may be involved in the process of "facilitated recycling", a process in which the transcribing polymerase is pre-dominantly committed to repetitive transcription of the same gene (Fig. 1) . 15 This mechanism is thought to be required for the efficient synthesis of RNAPIII transcripts to meet the high cellular demand of RNAPIII transcripts.
15 Nab2 could facilitate recycling by pre-initiation complex stabilization and recruitment of the terminating polymerase.
One or a combination of the above mentioned mechanisms could be mediated by Nab2 and/or other proteins leading to the observed, higher transcription rates in vivo. Hence, it will be of great interest to unravel all of Nab2's functions in RNAPIII transcription and to analyze their molecular mechanism.
Nab2 could regulate RNAPIII transcript stability and RNA modification
Nab2 has an established role in mRNA processing and nuclear mRNA export and binds directly to all RNAPIII transcript precursors. 27 Thus, Nab2 could play a similar role for RNAPIII transcript biogenesis. First, Nab2 might Figure 1 . Known function and potential roles of Nab2 in RNAPIII transcription. Nab2 functions in RNAPIII transcription initiation by stabilizing TFIIIB and possibly RNAPIII at the promoter. 27 In addition, preliminary evidence suggests several additional functions of Nab2 in RNAPIII transcript biogenesis. 27 Besides initiation, Nab2 might play a role in elongation, facilitated recycling, processing, and nuclear export of RNAPIII transcripts. Different steps of the transcription cycle / RNAPIII transcript processing are depicted with a tRNA gene as an exemplary gene. The major steps of gene expression are underlined, and the potential functions of Nab2 are listed below. Proteins/ protein complexes are colored as follows: orange, RNAPIII; blue, TFIIIB sub-units; green, TFIIIC; yellow, Nab2; gray, NPC; brown, Mlp1. The double layer of the nuclear envelope is shown in orange, the nucleoplasm is indicated in green above and the cytoplasm in white below the nuclear envelope, and a nuclear pore complex is depicted in grey. See text for details.
guide these precursors to modifying enzymes (Fig. 1) . Second, Nab2 might regulate the stability of RNAPIII transcript precursors (Fig. 1) . It is known that Nab2 can be displaced from defective or improperly processed mRNAs by the Rrp6 sub-unit of the nuclear exosome complex in S. cerevisiae, a process that leads to mRNA degradation. 30 Likewise, Nab2 could function in recognizing 3'-adenylated and/or defective tRNAs and cause their degradation via its interaction with Rrp6 (or other subunits of the exosome) or the nuclear surveillance pathway. This possible function of Nab2 could be crucial for cellular fitness, as it would prevent the release or export of defective RNAs.
Nab2 and gene gating of RNAPIII-transcribed genes
It was recently shown that tDNAs relocate to the nuclear pore complexes (NPCs) during their peak expression in M phase of S. cerevisiae dependent on Los1, the major tRNA exportin. 31 This relocalization connects RNAPIII transcription with pre-tRNA export, but does not affect RNAPIII-gene association nor transcriptional activity. Moreover, it was hypothesized that the relocalization of the transcribing RNA-PIII machinery to NPCs is a mechanism to prevent collisions of DNA replication forks. 31 Relocalization of actively transcribed genes to the NPC is also known for RNAPII-transcribed genes to efficiently link transcription to mRNA export; a process called gene gating. 32, 33 Interestingly, Nab2 interacts with the NPC-associated protein Mlp1 and is thought to be important for linking mRNA processing to nuclear export. 34 Hence, Nab2 could also facilitate gene gating of RNAPIII-transcribed genes (Fig. 1) . Having in mind that Nab2 interacts with TFIIIB and RNAPIII and stabilizes TFIIIB binding to DNA, Nab2 could also interact with Mlp1 when bound to RNAPIII and/ or TFIIIB. Thus, Nab2 could function in linking active transcription of RNAPIII to export of tRNAs and other RNAPIII transcripts by relocating actively transcribed genes to the NPC and recruiting RNAPIII transcripts to their nuclear exporters Los1 or Msn5.
Nab2 might link RNAPII and RNAPIII transcription in S. cerevisiae
As Nab2 is the first mRNP biogenesis factor identified to play a role in RNAPIII transcription, it will be of great interest to investigate whether more proteins involved in mRNP biogenesis or export have a second function in RNAPIII transcription. Furthermore, RNAPII transcription factors were shown to function in RNAPIII transcription, such as Dst1 or Sub1 in yeast. 16, 17 Interestingly and in contrast to yeast, RNAPII and RNAPIII and their respective transcription factors are not only present at their classical set of genes they transcribe, but also at genes transcribed by the other polymerase in higher eukaryotes. 35, 36 Thus, gene expression by RNAPII and RNAPIII might be interconnected both at the level of transcription and the level of downstream processes (processing, export, and quality control of transcripts); although by slightly different mechanisms in S. cerevisiae versus higher eukaryotes. Nab2 and potentially its orthologues could play a pivotal role for this interconnection. Communication between RNAPII and RNAPIII gene expression pathways might guarantee correct and coordinated expression of all genes, but remains to be shown to exist in the future.
Conservation of Nab2 and potential involvement in diseases
The mechanisms suggested above would lead to the correct and fine-tuned expression of RNAPIII transcripts, which is crucial for cell metabolism, by Nab2 and possibly other proteins. As outlined above, Nab2 is highly conserved from yeast to human. Although all of its orthologues and their isoforms differ in size and domain composition some basic features are the same in all analyzed organisms. For example, most orthologues contain a nuclear localization sequence (NLS) and all Nab2 orthologues and splice variants contain an array of C-terminally localized C 3 H 1 -zinc fingers of variable length, some of which were shown to bind RNA. 26, 37 Interestingly, point mutations in the human ortholog ZC3H14 that only yield the cytoplasmically localized protein but none of its nuclear isoforms are associated with non-syndromic autosomal recessive intellectual disability (NS-ARID). 26 In line with this is the finding that Nab2 is required for normal behavior and correct axon projection from the Kenyon neurons into the mushroom bodies during neural development in Drosophila melanogaster. 26, 38 On the other hand, evidence exists that tRNAs and tRNA fragments (tRFs) function in a variety of cellular pathways, such as stress response, gene expression, and the regulation of apoptosis. 39, 40 Furthermore, tRNA levels are often upregulated in cancer cells, and impaired aminoacylation causes neurological or mitochondrial diseases like Charcot-Marie-Tooth syndrome or ataxia. 40, 41 Conversely, reduced tRNA levels can lead to neonatal death or hypoplasia, especially during development. 41 Taken together, these findings point out the importance of tightly-regulated tRNA levels during the development and life of metazoans.
Thus, it will be of great importance to assess, whether the function of Nab2 in RNAPIII transcription is conserved in higher eukaryotes as Nab2's function in poly(A) tail length control. If so, the impaired function of ZC3H14 in RNAPIII transcription could be the cause for the observed human diseases (see above). Which contribution to disease development the different functions of Nab2 have remains to be determined. In summary, Nab2 could play a central role in the homeostasis of RNAPII as well as RNAPIII transcripts and consequentially disease development, a field that still holds many secrets.
Summary
In addition to its long-known functions in gene expression, i.e., poly(A) tail length control, mRNP biogenesis, and nuclear mRNA export, Nab2 is important for efficient RNAPIII transcription initiation. Based on the high conservation of Nab2 in other organisms and its conserved function in poly(A) tail length control, Nab2 will probably emerge as a central player in the regulation of gene expression. Given the medically relevant implications of human and Drosophila Nab2, it will be important to fully uncover the functions of Nab2 in yeast and higher eukaryotes and to assess their contribution to disease mechanisms. 
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